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tive deficits. There is increasing evidence that myelin disruption is an important factor 





processes underlying brain ageing hinders the development of regenerative strate-
gies.	Here,	our	combined	systems	biology	and	neurobiological	approach	demonstrate	
that oligodendroglial and myelin genes are amongst the most altered in the ageing 
mouse cerebrum. This was underscored by the identification of causal links between 
signalling pathways and their downstream transcriptional networks that define oligo-
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1  |  INTRODUCTION
Ageing	 in	 the	brain	 is	accompanied	by	a	gradual	decline	 in	neuronal	
networking and synaptic plasticity which are needed for learning and 
cognitive	function.	Notably,	neuronal	numbers	are	largely	unaltered	in	
the	ageing	human	brain	(Fabricius	et	al.,	2013;	Pelvig	et	al.,	2008).	In	
comparison,	 there	 is	 evidence	of	 gradual	 losses	 in	oligodendrocytes	
and myelin in ageing and that these changes are key factors in cogni-







the fundamental changes in the ageing brain is a key strategy for de-
veloping new approaches to promote repair in neurodegenerative dis-
eases,	including	Multiple	Sclerosis	(MS)	and	Alzheimer's	disease	(AD).
Transcriptomic studies have become increasingly important in 
understanding ageing processes in human and rodent oligodendro-
cytes	 (Azim	et	al.,	2017,	2020;	de	 la	Fuente	et	al.,	2020;	Jäkel	et	al.,	
2019;	Marques	et	al.,	2016;	Soreq	et	al.,	2017).	Here,	using	a	combined	
transcriptomic and neurobiology approach we have identified essen-





mined specific cellular signalling pathways and transcriptional net-
works	that	characterise	aged	oligodendroglia.	Finally,	we	used	novel	in 
silico pharmacogenomics strategies for the identification of therapeu-
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investigating altered signalling and transcriptional networks using 
pathway	 analysis	 (ConsensusPathDB),	 functional	 protein–	protein	
(STRING	 V10.5)	 interactions	 (Figure	 1d,	 e)	 (Herwig	 et	 al.,	 2016;	
Szklarczyk	et	al.,	2015),	and	protein-	chemical	(STITCH	v5.0)	network	
analysis	(Kuhn	et	al.,	2008).	A	key	finding	was	the	predominance	of	
oligodendroglial genes amongst the most significantly altered genes 
in	the	whole	brain	(Figure	1c).	The	most	temporally	regulated	gene	
was Gpr17,	which	in	the	brain	is	expressed	exclusively	in	a	subset	of	
rapidly	 reacting	oligodendroglial	 cells,	 specifically	 in	 an	 intermedi-
ate	stage	between	OPCs	and	terminally	differentiated	myelinating	
oligodendrocytes	(MOLs)	(Viganò	et	al.,	2016).	Single-	cell	RNA-	seq	
of	 oligodendrocyte	 lineage	 cells	 (Marques	 et	 al.,	 2016)	 has	 identi-
fied	 the	 expression	 of	Gpr17	 in	multiple	 clusters	 that	 can	 be	 col-
lectively	defined	as	‘differentiation	committed	OPC’	(COPs)	(Figure	
S1).	In	addition,	the	highest-	ranked	genes	altered	in	ageing	were	the	
major	 myelin-	related	 genes,	Mog,	 Plp1,	Cnp and Ugt8a,	 as	 well	 as	
the less well- known myelin proteins Cldn11	(Bronstein	et	al.,	2000),	
Tspan2	 (Yaseen	et	al.,	2017),	and	Mal,	which	regulates	recruitment	
of	 PLP	 in	myelin	 (Bijlard	 et	 al.,	 2016).	 These	 trends	were	 verified	
by	Gene	Ontology	(GO)	analysis,	which	identified	the	main	biologi-
cal	 processes	 as	 those	 associated	with	 Extracellular	Matrix	 (ECM)	
Organisation	 and	 Gliogenesis/Differentiation,	 and	 specifically	 oli-
godendrocyte	differentiation	and	myelination	 (Figure	1d).	 STRING	
Network Visualisation revealed that the most transcriptionally re-
shaped landscapes in the ageing cerebrum were associated with 
the	control	of	cell	cycle,	and	protein	sub-	networks	coupled	to	ECM	
remodelling	and	myelination,	together	with	a	transcriptional	subnet-








To provide insight into the stage- specific transcriptional signatures 
of	aged	OPCs	(Figure	2)	and	MOLs	(Figure	S2),	we	performed	a	meta-	
analysis	of	our	RNA-	seq	database	against	published	datasets	(Zhang	
et	 al.,	 2014).	 The	 results	 confirmed	 the	most	 altered	 processes	 in	
aged	MOLs	were	associated	with	myelination	(Figure	S2a,b),	and	at	
the core was Egfr	 (epidermal	 growth	 factor	 receptor)	 (Figure	S2c),	
which has recognised importance in oligodendrocyte regeneration 
and	myelin	 repair	 (Aguirre	 et	 al.,	 2007);	 interestingly,	 our	 analysis	







shifts in the cellular machinery were related to neural cell devel-
opment,	 negative	 regulation	 of	 cell	 signalling	 and	 ECM	 organisa-
tion	 (Figure	 2a).	 Functional	 Protein	 Interaction	 Network	 Analysis	
(STRING)	 uncovered	 the	 key	 aged	 OPC	 gene	 networks	 with	 the	











late	differentiation	(Dennis	et	al.,	2012).	Gpr17 is an upstream hub 
for	genes	that	encode	for	synaptic	proteins	in	OPCs	(Figure	2d),	via	












tional signature locates Gpr17	 at	 the	 core	of	 these	OPC	signalling	
networks that are most altered in the ageing brain.
2.3  | Dysregulation­of­Gpr17­and­oligodendrocyte­
differentiation in ageing
To	 investigate	 how	 ageing	 OPC	 regulatory	 networks	 are	 trans-
lated	 into	 cellular	 changes,	we	 examined	 substages	 of	 the	OL	 lin-
eage in the Corpus Callosum	 (CC)	 in	Pdgfra-	CreERT2:Rosa26R-	YFP	




ing	 was	 performed	 for	 NG2,	 Gpr17	 and	 APC	 to	 identify	 the	 key	





a	 marked	 decline	 in	 differentiation	 of	 Pdgfra-	YFP+	 OPCs	 into	
Gpr17+	COPs,	and	a	complete	absence	of	 subsequent	differentia-
tion	 into	APC+	MOLs	 (Figure	3c).	This	 is	 illustrated	 further	by	ex-
pression	of	YFP+	cells	in	each	OL	stage	as	a	proportion	of	total	YFP+	










brain,	 few	 cells	 exhibit	 the	 dense	 immunostaining	 of	 cellular	 pro-
cesses	that	is	characteristic	of	younger	brain	(Figure	3d),	and	instead,	
COPs	are	either	dimly	immunostained	(Figure	3e,	black	arrows)	or	in	










Both	 the	 transcriptomic	 and	 fate-	mapping/immunohistochemical	
findings	demonstrate	that	disruption	of	OPCs	and	MOLs	are	major	
factors	in	the	ageing	brain.	We	used	the	SPIED/CMAP	database	to	





strategy,	 young	 adult	 OPC-	core	 genes	 were	 transformed	 to	 co-	
expression	hub	genes	against	drug	connectivity	mapping	databases	
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Gpr17	 as	 the	 most	 highly	 correlated	 hub	 (Figure	 4a),	 which	 fully	
validates the genomic and neurobiological data presented above. 
We	then	used	two	distinct	approaches	to	 identify	small	molecules	
that	have	 the	potential	 to	 rejuvenate	aged	OPCs,	by	 interrogating	
the	core	OPC	genes	across	the	entire	SPIED/CMAP	database,	pre-
sented	 in	Figure	4b	as	a	dimensionality	 reduction	plot,	 in	addition	
to	a	STRING	chemical-	protein	target	analysis	of	all	OPC	genes	dif-
ferentially	 expressed	 in	 the	 ageing	 brain	 (Figure	 4c).	 Significantly,	
these two separate approaches identified the same small molecules 
with	 the	 potential	 to	 specifically	 rejuvenate	 ‘stemness’	 in	 aged	
OPCs	 (Figure	 4b,c),	 and	 none	 of	 these	 small	molecules	were	 pre-
dicted	 to	 act	 on	MOLs	 (Figure	 S3).	 In	OPCs,	 a	 number	 of	 cardiac	
glycosides	 (digoxin,	 digoxigenin	 and	 ouabain)	 were	 highlighted	 as	
having	OPC	 rejuvenation	 potential	 by	 regulation	 of	mTOR	 signal-
ling	 (Figure	 4b,c).	 The	 small	molecule	with	 the	 highest	 number	 of	
associated	target	genes	was	LY294002,	which	was	at	the	centre	of	









2.5  |  The­small­molecule­LY294002­identified­by­in 
silico pharmacogenomics promotes oligodendrocyte 
regeneration and remyelination in older mice
To	assess	the	effects	of	LY294002	on	the	capacity	of	adult	OPCs	to	
regenerate	MOLs,	we	analysed	the	remyelination	power	of	OPCs	in 
vivo following intraventricular infusion of the demyelinating agent 
lysolecithin	 (LPC)	 in	 Sox10-	EGFP	mice,	 which	 identifies	 oligoden-
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pump	to	provide	a	final	concentration	of	2	µM	in	the	CSF,	calculat-
ing	 for	 the	dilution	effect	 in	 the	ventricular	 volume	 (Azim	&	Butt,	
2011).	The	cell	proliferation	marker	EdU	was	administered	at	5	and	
6	DPI,	 for	 fate-	mapping	of	newly	formed	OLs	 (NFOLs),	and	brains	






confirmed	 by	 qPCR	 of	microdissected	CC	 from	mice	 treated	with	
LPC	or	LPC+LY294002,	compared	 to	age-	matched	untreated	mice	
(Figure	5c).	The	results	demonstrate	that	the	major	OPC	and	MOL	
transcripts Pdgfra,	Plp1 and MBP were all increased significantly in 
LY294002,	compared	to	LPC	and	untreated	controls	(Figure	5c).	In	
addition,	LY294002	had	pro-	oligodendroglial	and	anti-	inflammatory	
effects	compared	to	LPC	treatment,	for	example,	Igf1 and Bmp4 are 
increased,	whereas	Lif and Stat1	are	decreased	 (Figure	5c).	Finally,	
we analysed the changes in distinct oligodendrocyte differentiation 
stages by immunolabelling for the pan- oligodendroglial marker 
Olig2,	together	with	EdU	and	APC	(Figure	5d),	to	identify	and	quan-
tify	 total	 numbers	 of	Olig2+/APC-	OPCs	 and	Olig2+/APC+	MOLs	
(Figure	 5d,g,h).	 In	 addition,	 MBP	 immunostaining	 in	 MOLs	 is	 re-
stricted	to	the	myelin	sheaths,	whereas	MBP	is	also	expressed	in	the	
somata	of	NFOLs	(Figure	5e,f,	arrows),	and	the	former	were	preva-












compared	to	LPC	treated	mice	 (Figure	5h–	j).	The	 in vivo effects of 
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LY294002	validate	the	in silico pharmacogenomic analysis that iden-
tifies	multiple	small	molecules	with	the	potential	to	rejuvenate	OPC	




the	 ultimate	 failure	 of	 remyelination	 and	 repair	 in	 MS,	 although	
the	underlying	mechanisms	remain	unclear	 (Neumann	et	al.,	2019;	
Vanzulli	et	al.,	2020).	Our	differential	transcriptomic	analysis	dem-
onstrates that oligodendroglial genes are amongst the most sig-
nificantly dysregulated in the mouse cerebrum in natural ageing. 
Notably,	our	results	highlight	Gpr17 as a major factor affected dur-
ing	oligodendrocyte	degeneration	in	the	ageing	brain.	Moreover,	we	
unravelled key transcriptional networks and signalling pathways that 
are	central	to	age-	related	dysregulation	of	myelin	turnover.	Finally,	
we identified specific pro- oligodendroglial small molecules that re-
juvenate	OPC	stemness	and	promote	remyelination	and	repair.	This	
study unravels new mechanisms in natural ageing and in neurode-
generative diseases.
3.1  | Oligodendroglial­transcriptomic­networks­are­
significantly altered in ageing
Transcriptomic analysis identified dysregulation of multiple biologi-
cal	 processes	 that	 are	 critical	 for	normal	brain	 function,	most	 sig-
nificantly multiple processes that are associated with dysregulation 











show that Egfr promote oligodendrocyte regeneration and myelin 
repair	(Aguirre	et	al.,	2007),	and	our	findings	indicate	Egfr	signalling	
is pivotal to multiple transcriptional networks and signalling path-
ways that regulate age- related changes in oligodendrocytes.
3.2  | Disruption­of­Gpr17+­OPCs­in­ageing
Changes	 in	 OPCs	 were	 a	 major	 hallmark	 of	 the	 ageing	 brain	 and	
specifically	dysregulation	of	Gpr17.	In	the	adult	healthy	brain,	OPCs	
normally	proliferate	at	very	low	levels,	but	mediate	rapid	repair	re-
sponses to injury with increased proliferation and differentiation 
to	mature	myelinating	 cells	 (Psachoulia	 et	 al.,	 2009).	 Interestingly,	
Gpr17	specifically	decorates	a	subset	of	OPCs	responsible	for	such	
rapid	reaction	to	damage	(Viganò	et	al.,	2016).	These	findings	are	in	





generative responses. It is significant that changes related to neural 
cell	differentiation	are	the	top	processes	affected	in	aged	OPCs,	and	
the	 largest	 transcriptomic	hub	 is	 related	 to	 the	 cell	 cycle,	 consist-
ent	 with	 evidence	 OPC	 self-	renewal	 declines	 with	 ageing	 (Young	
et	al.,	2013),	which	underpin	the	striking	reduction	in	OPC	numbers	
observed	 in	 the	18-	month	brain	and	age-	associated	 loss	of	plastic	
responses	of	OPCs	and	COPs	to	insults	and	damage.	Interestingly,	
our	transcriptomic	analysis	of	aged	OPCs	identified	a	hub	of	genes	
that	 encode	 for	 the	 synaptic	 proteins	Stargazin,	 Shank3,	Homer2,	
Neurexin1/2	 and	Neuroligin3,	which	 are	 all	 central	 to	 glutamater-
gic	 synapses	 that	 regulate	 OPC	 proliferation	 and	 differentiation	
(Chacon-	De-	La-	Rocha	et	al.,	2020;	Chen	et	al.,	2018;	Larson	et	al.,	
2016).	Myelination	 of	 new	 neuronal	 connections	 is	 dependent	 on	
neuronal	activity	and	failure	of	OPCs	to	generate	new	oligodendro-













central	 to	 age-	related	 changes	 in	 the	 brain.	 As	mentioned	 above,	




fail	 to	 repair	 damage	 in	 excessive	 inflammatory	 milieu	 (Bonfanti	
et	al.,	2020),	under	 ‘permissive	conditions’	 (i.e.,	 in	 the	presence	of	
low	 inflammation	 levels),	 they	 generate	 myelinating	 oligodendro-
cytes	and	ameliorate	damage	 (Coppolino	et	al.,	2018).	 In	 line	with	
data showing that increased inflammation in the aged brain is as-
sociated	with	 reduced	 repair	 abilities,	 our	 data	 indicate	 there	 is	 a	
marked	reduction	of	NG2+	OPCs	and	MOL	at	18	months,	consist-
ent	with	 a	 recent	 study	 indicating	 aged	OPCs	 lose	 their	 stem	 cell	
characteristics	(Neumann	et	al.,	2019).	More	importantly,	our	fate-	
mapping study shows for the first time that there is a marked decline 
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in	 replenishment	 of	Gpr17+	COPs	 from	OPCs,	with	 a	 subsequent	






delays	OPCs	differentiation,	via	activation	of	Gαi/o and inhibition of 
cAMP-	PKA	(Simon	et	al.,	2016),	whereas	at	later	maturation	stages,	
Gpr17	removal	from	the	membrane	via	ligand-	induced	desensitisa-
tion by G- protein receptor kinase phosphorylation is necessary for 












Cre-	Lox	mice	 demonstrate	major	 disruption	 of	Gpr17	 at	 both	 the	
mRNA	 and	 protein	 level	 in	 aged	OPCs.	 In	 addition,	 we	 identified	
novel interactions in Gpr17	that	are	altered	in	ageing	OPCs,	with	a	
prominent interaction with Gng10	 (G-	Protein	 Subunit	Gamma	10),	
which links Gpr17	to	both	OPC	proliferation	and	negative	regulators	








termining:	 (a)	 the	 most	 optimal	 therapeutic	 agents	 for	 enhancing	
the	densities	of	OPCs	 in	 the	CC	and	 their	 terminal	differentiation	
into	oligodendrocytes;	(b)	small	molecules	capable	of	reshaping	aged	
transcriptional networks into their younger counterparts where 
their	 efficiency	 for	 myelin	 generation	 is	 more	 pronounced.	 Small	









in	 aged	 OPCs.	 Importantly,	 we	 demonstrate	 that	 LY294002	 pro-




2017).	These	results	 in vivo validate the in silico pharmacogenomic 




we did not specifically assess the rejuvenating effects of ligands di-
rectly	acting	on	Gpr17	(Parravicini	et	al.,	2020),	which	will	represent	
the focus of future studies.
3.5  |  Conclusions




transcriptional networks and signalling pathways that are central to 
age-	related	dysregulation	of	OPCs,	enabled	us	to	pharmacogenomi-
cally	 stimulate	OPC	 rejuvenation	 in	 the	 context	 of	 remyelination.	
Finally,	 it	 should	 be	noted	 that	 changes	 in	 neuroglia	 appear	 to	 be	




a framework for future investigations in the field for targeting cellu-
lar mechanisms underlying the decline in glial plasticity and highlight 
the power of systems biology tools for counteracting the age- related 
decline in regenerative capacities and pathology.
4  |  EXPERIMENTAL­PROCEDURES
4.1  | Animals­and­tissue
All	 animal	 studies	 were	 performed	 in	 accordance	 with	 interna-
tional	 law	 (European	 law	Dir.	 2010/63/UE)	 and	 national	 laws	 (UK	
Animals	Scientific	Procedures	Act,	1984;	 Italian	 law	DL	n.	26,	4th	
March	 2014).	 All	 procedures	were	 reviewed	 and	 approved	 by	 the	
local	 ethical	 review	bodies	 of	 the	Universities	 of	 Portsmouth	 and	
Milan,	 with	 appropriate	 UK	Home	 office	 Project	 Licence	 and	 the	
Italian	 Ministry	 of	 Health	 (authorisation	 473–	2015PR	 to	 MPA).	
Mice	were	 housed	 in	 groups	 of	 4,	 under	 a	 12-	hr	 light/12-	hr	 dark	
cycle	 at	 21°C,	 with	 food	 and	water	 ad libitum.	Wild-	type	mice	 of	
the	 background	 strain	 C57/BL10	 were	 used	 for	 gene	 expression	
profiling	and	induction	of	demyelination	(see	below	for	further	de-
tails).	Adult	Pdgfra-	CreERT2:Rosa26R-	YFP	mice	(gift	from	Professor	
William	 D.	 Richardson,	 UCL,	 UK	 (Rivers	 et	 al.,	 2008)	 and	 Gpr17-	
iCreERT2xCAG-	eGFP	mice	(Viganò	et	al.,	2016)	were,	respectively,	





















used	 immediately	or	 stored	at	4°C	 in	PBS/NaN3	 in	24	well	 plates	
until	use.	Sections	were	treated	for	a	blocking	stage	of	either	10–	
20%	normal	goat	serum	(NGS),	normal	donkey	serum	(NDS)	or	0.5%	
bovine	 serum	albumin	 (BSA)	 for	 1–	2	 h,	 depending	on	 the	 primary	
antibodies	 to	 be	 used.	 Sections	were	washed	 3	 times	 in	 PBS	 and	
incubated overnight in primary antibody diluted in blocking solution 
containing	Triton-	X	(0.4%):	chicken	anti-	YFP	(1:100,	Abcam),	rabbit	
anti-	NG2	(1:500,	Millipore),	rabbit	anti-	Gpr17	(1:00,	Cayman	Labs),	
mouse	 anti-	APC/CC1	 (1:700,	 Calbiochem),	 rat	 anti-	MBP	 (1:300,	
Millipore),	rabbit-	Olig2	(1:400,	Millipore),	goat	anti-	PDGFRα	(1:400,	










Images	 were	 captured	 using	 a	 Zeiss	 Axiovert	 LSM	 710	 VIS40S	
confocal	 microscope	 and	 maintaining	 the	 acquisition	 parameters	
constant	to	allow	comparison	between	samples	within	the	same	ex-
periment.	Acquisition	of	 images	for	cell	counts	was	done	with	x20	
objective. Cell counts were performed in a constant field of view 
(FOV)	of	100	µm	×	100	µm	or	200	µm	×	200	µm,	depending	on	the	
area	analysed,	 in	projected	flattened	 images	from	z-	stacks	formed	
by 10 or 15 z-	single	plain	images	with	1	µm	interval	between	them;	
cell density was calculated as the number of cells divided by the area 
of	the	region	analysed.	All	data	were	expressed	as	Mean	±	SEM	and	





















Normalised	 datasets	 generated	 by	 RNA-	seq	were	 analysed	with	
EdgeR	 using	 standard	 pipeline	 methods.	 Differential	 expression	
analysis datasets were further processed as described previously 
(Rivera	 &	 Butt,	 2019),	 using	 ConsensusPathDB,	 STRING	 V10	
(Herwig	 et	 al.,	 2016;	 Szklarczyk	 et	 al.,	 2015)	 and	 STITCH	 v5.05	
(Kuhn	 et	 al.,	 2008).	 Normalised	 genes	 dysregulated	 in	 ageing	
were	compared	to	cell-	specific	gene	databases	for	OPC	and	MOL,	
using	multiple	published	datasets	(Zhang	et	al.,	2014).	The	top	25	
most significant genes associated with ageing in oligodendroglia 
are	presented	as	a	heatmap	by	ranking	via	FDR	and	relative	 fold	
change;	 the	 heatmap	was	 constructed	 in	 R/Studio	 using	 the	 gg-
plot2 package.
4.6  |  SPIED/CMAP­analysis
SPIED	(Searchable Platform- Independent Expression	Database)	and	




performed	 using	 cluster-	specific	 OPC	 genes	 from	 recent	 publicly	
available	single-	cell	profiling	of	young	adult	CC	derived	cells	(https://
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github.com/kasum	az/Adult	OLgen	esis).	The	gene	list	was	converted	
to hub genes/proteins for correlating master regulators within the 
totality	of	drug-	induced	genes	in	the	SPIED	database,	an	additional	
feature	 of	 the	 SPIED	 webtool	 (http://spied.org.uk/cgi-	bin/HGNC-	
SPIED	XXX.cgi).	 In	 this	approach,	 small	molecules	generated	 to	 re-
capitulate transcriptional signatures associated with stimulating 
















implantation,	 mice	 were	 anaesthetised	 under	 isofluorane	 and	 2%	
lysolecithin	 (LPC,	 L-	α-	lysophosphatidylcholine;	 Sigma-	Aldrich)	 in	 a	









Butt,	 2011).	 To	measure	 cell	 proliferation,	mice	were	 given	 an	 i.p.	
injection	of	EdU	(5-	ethynyl-	2′-	deoxyuridine;	Click-	it	EdU	Alexa	Fluor	
488	imaging	kit,	Invitrogen)	at	5	and	6	days	DPI	at	50	mg/kg.	Brains	








dissected	 then	 flash-	frozen	 (analyses	were	performed	on	n	=	3/4	









Amplification	 was	 performed	 using	 a	 Roche	 Lightcycler	 96	 ac-
cording	 to	 the	 manufacturer's	 protocol.	 Data	 normalisation	 was	
performed using the housekeeping genes Gapdh and Rpl13a and 
expressed	as	 relative	gene	expression	using	the	2ΔΔ- CT method. 
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